The dendritic arbor of pyramidal neurons is not a monolithic structure. We show here that the excitability of terminal apical dendrites differs from that of the apical trunk. In response to fluorescence-guided focal photolysis of caged glutamate, individual terminal apical dendrites generated cadmium-sensitive all-or-none responses that were subthreshold for somatic action potentials. Calcium transients produced by all-or-none responses were not restricted to the sites of photolysis, but occurred throughout individual distal dendritic compartments, indicating that electrogenesis is mediated primarily by voltagegated calcium channels. Compartmentalized and binary behavior of parallelconnected terminal dendrites can greatly expand the computational power of a single neuron.
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The dendritic arbor of pyramidal neurons is not a monolithic structure. We show here that the excitability of terminal apical dendrites differs from that of the apical trunk. In response to fluorescence-guided focal photolysis of caged glutamate, individual terminal apical dendrites generated cadmium-sensitive all-or-none responses that were subthreshold for somatic action potentials. Calcium transients produced by all-or-none responses were not restricted to the sites of photolysis, but occurred throughout individual distal dendritic compartments, indicating that electrogenesis is mediated primarily by voltagegated calcium channels. Compartmentalized and binary behavior of parallelconnected terminal dendrites can greatly expand the computational power of a single neuron.
Dendrites are not passive antennae that simply receive synaptic inputs but actively process and transform inputs as they are received (1) (2) (3) (4) (5) . The apical dendritic arbor can be divided into three morphologically distinct regions, the thick main apical trunk, a set of short intermediate branches, and a set of long, thin terminal branches (6 ) . The apical trunk of pyramidal cell dendrites is relatively thick and contains sufficient densities of sodium channels to mediate forward and backward propagation of action potentials (7 ) . Terminal branches, in contrast, have diameters one-fourth that of the apical trunk and do not decrease over distance (8) . Terminal dendritic segments constitute 70 to 90% of the combined length of the apical dendritic arbor (6 ) . Despite being the main recipient of excitatory synaptic inputs, little is known about the passive and active transformations an individual terminal segment performs on its inputs.
The impedance mismatch between the thin truncated terminal dendrite and its parent branch creates conditions favoring electrical compartmentalization (9) (10) (11) . Electrical compartmentalization of dendritic segments enables groups of inputs to be bound together in a dynamic manner that depends on the temporal and spatial coherence of the inputs. If terminal dendrites were also to express sufficiently high densities of voltage-gated conductances, their outputs might switch readily between two discrete states (10) . Such bistable behavior would enable nonlinear and binary logical operations. These predictions remain untested, because it has not been possible to record from a terminal dendrite or to restrict synaptic activation over a wide dynamic range to a single branch.
We used fluorescence-guided focal photolysis of caged glutamate (12, 13) and whole-cell recording from CA1 pyramidal cells in 2-to 3-week-old organotypic hippocampal slice cultures (14, 15) . A confocal reconstruction of one representative neuron from this preparation is shown in Fig. 1A , illustrating the large numbers of long, thin terminal branches arising from the thick, gradually tapering apical trunk.
Terminal and proximal dendrites responded in qualitatively different manners (Fig.  1B) . Strong stimulation of first-or secondorder apical dendrites reliably elicited regenerative sodium and calcium action potentials. In contrast, identical stimulation of terminal dendritic segments elicited only lower amplitude, plateau-shaped all-or-none depolarizations, and was unable to elicit propagated action potentials.
Terminal oblique branches contribute a significant portion of the CA1 dendritic arbor. Photostimulation directed at these branches was also able to generate all-ornone responses (Fig. 1C) . At low photostimulus strength, the response amplitude varied proportionally to the pulse duration and decayed with a monotonic time course. At some threshold level, photostimulation resulted in a sharp transition from graded responses to plateau-like all-or-none responses. Further increases in stimulus strength increased neither the amplitude nor the duration of the suprathreshold response. The mean amplitude (ϮSD) of the all-or-none depolarization was 8.7 Ϯ 2.1 mV for terminal oblique branches that joined the main apical trunk within 175 m of the soma (n ϭ 31, V m ϭ Ϫ70 mV). The mean amplitude for terminal branches of the apical tuft that join the second-and thirdorder branches Ͼ350 m from the soma was 8.5 Ϯ 1.9 mV (n ϭ 39). The mean duration of the all-or-none depolarization at half-maximal amplitude was 208 Ϯ 38 ms and 268 Ϯ 55 ms for the oblique and apical tuft terminal dendrites, respectively.
The amplitude, kinetics, and threshold of the suprathreshold dendritic response were voltage-dependent (Fig. 2, A and B) . At relatively depolarized potentials, the kinetics of the responses was slow, but the threshold for all-or-none responses could be reached with low photostimulation strength. At more hyperpolarized potentials, the amplitude and decay rate increased, but greater stimulation strength was required to reach the transition threshold. The increased amplitude may result from increased driving force and from recruitment of T-type calcium channels that are inactivated at more depolarized membrane potentials. The increased kinetics of decay may result from the recruitment of hyperpolarization-activated current (I h ).
All-or-none responses were readily apparent in the presence of tetrodotoxin (TTX), and hence did not require voltage-dependent Na ϩ conductances. The mean amplitude was 8.1 Ϯ 1.0 mV before and 7.9 Ϯ 1.0 mV after the addition of 1 M TTX (n ϭ 6). We therefore tested the effects of blocking voltage-dependent Ca 2ϩ conductances with low concentrations of Cd 2ϩ (25 M). Cadmium had no observable effect on subthreshold responses, but greatly attenuated responses to stronger photostimuli (n ϭ 9) (Fig. 2C ). Cadmium eliminated a pulselike component of the glutamate response. We conclude that the amplitude of the suprathreshold depolarization is not determined by the number of glutamate receptors activated by the stimulus, but rather by the number of voltage-gated calcium channels that are secondarily activated.
In neocortical basal dendrites, increases in cytoplasmic Ca 2ϩ were localized to the site of photostimulation during the all-or-none response (16) . To determine the degree of compartmentalization achieved in terminal apical dendrites, the spatial distribution of electrogenesis in apical dendrites was measured with calcium imaging (Fig. 3) . Weak photostimuli produced small depolarizations and barely detectable calcium transients. Stronger but still subthreshold stimuli elicited localized calcium transients. In response to suprathreshold stimuli, however, calcium transients appeared throughout an entire distal branch within the time resolution of a single 100-ms image acquisition window (rightmost panel in Fig. 3A) .
The calcium transient associated with the suprathreshold dendritic depolarization stopped at the first branch point in all of the oblique branches (n ϭ 11), and at the first or second proximal branch points in 10 of 12 apical tuft terminal dendrites (Fig. 3B) . In the remaining two apical terminal dendrites, the Ca 2ϩ signal ended before the first branch point. Because distinct calcium transients at sites up to 100 m away from the site of photolysis could clearly be observed within a single 100-ms time window, we conclude that strong stimulation results in regenerative activation of voltage-dependent Ca 2ϩ channels and that this electrogenesis is highly compartmentalized.
N-methyl-D-aspartate (NMDA) receptors are required for the initiation of the all-or-none dendritic response in both neocortical and hippocampal pyramidal cells. AP5 (100 M) eliminated all-or-none responses, leaving a residual graded AMPA (␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptor-mediated current component (Fig. 4A) (n ϭ 6) . NBQX (6-nitro-7-sulfamoylbenzo[f ]quinoxaline-2,3-dione) (100 M) did not block the suprathreshold all-or-none response (Fig. 4B) (n ϭ 5) . As a further test of the relative importance of NMDA and AMPA receptors in initiating the suprathreshold response, experiments were carried out with caged NMDA (100 M). Photolysis of caged NMDA consistently elicited suprathreshold all-or-none depolarizations (n ϭ 10).
The nonexponential decay of the suprathreshold dendritic responses suggests that they are actively terminated by voltage-gated conductances. Several pharmacological manipulations were performed to test this hypothesis. We first examined the effects of extracellularly applied cesium (2 mM), a relatively specific blocker of I h at this concentration (17 ) . Cesium produced no appreciable change in subthreshold dendritic responses. At more hyperpolarized membrane potentials, however, cesium attenuated the afterhyperpolarization by 83% (n ϭ 5) (Fig. 4C) . We suggest that I h is expressed in terminal dendritic segments and can contribute to the termination of the suprathreshold depolarization.
A more pronounced and qualitatively different effect was produced by increasing intracellular calcium buffering with BAPTA [1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid] (Fig. 4D) . The duration of the plateau-shaped depolarization increased by 324 Ϯ 46% over a 30-min period following the establishment of whole-cell recording with 10 mM BAPTA (n ϭ 14). The amplitude of the response, however, was essentially unaffected. The response prolongation is most easily explained if calciumactivated potassium channels are expressed in terminal dendrites (18, 19) . BAPTA decreases intracellular free calcium and would thereby diminish their role in membrane repolarization. Increased calcium buffering may also attenuate calcium-dependent inactivation of dendritic calcium channels.
A major excitatory input to the apical dendrites of CA1 neurons are the Schaffer collaterals from CA3 neurons, which discharge in bursts of action potentials. Bursts of excitatory inputs enable NMDA receptormediated conductances to more effectively generate sustained dendritic depolarization (20) . The strong photostimuli in these experiments mimic the results of coincident bursts of excitation at adjacent synapses. Indeed, intracellular recordings from CA1 neurons in vivo during CA3 burst discharges reveal a sustained monophasic voltage-dependent depolarization lasting about 100 ms, which may represent the in vivo correlate of suprathreshold terminal dendritic depolarizations (21) . Our study illustrates how the form of a dendritic structure can determine its function. We suggest that the amplitude of the suprathreshold response of a terminal dendrite is determined not by the number of synaptic receptors activated, but by its physical dimensions and the number of its voltage-gated channels. It may not be coincidental that the amplitudes of the suprathreshold depolarizations (coefficient of variation Ϸ 0.2) and the length of the terminal apical dendrites both show a narrow distribution (6, 8) . Perhaps the physical dimensions of terminal dendrites have evolved to insure that somatic action potentials are not triggered by the suprathreshold response of a single terminal branch, but only when several branches are activated.
Our results also show that dendritic pro- cessing utilizes both graded and binary operations. The localized bistable behavior of terminal dendrites is well suited for nonlinear logical operations (10) . The main apical trunk, in contrast, links the large number of terminal branches in parallel and is specialized for the rapid forward and backward propagation of action potentials. These complementary features would confer the dendritic arbor with parallel processing capabilities utilizing a large array of quasiindependent terminal dendrites with nonlinear signal processing capabilities and thus greatly expand the computational power of a single neuron. (Kluwer Academic/Plenum, New York, 1999), vol. 13, chap. 3. 12. C.-M. Tang, Curr. Protoc. Neurosci., in press. 13. The 351-to 364-nm output of an argon ion laser or the output of a weak 532-nm targeting laser were launched into a 100-m-diameter optical fiber. The exit end of the optical fiber is projected onto a conjugate of the field diaphragm plane along the epifluorescence path of the microscope with a relay lens system and a dichroic mirror. The relay lens system was designed to compensate for the chromatic aberration of the water-dipping objective so that the ultraviolet (UV ) and visible illumination were focused on the same plane. It was also specifically designed to create a homogenously illuminated spot 10 to 12 m in diameter rather than a small spot with a gaussian distributed light intensity. Cells were patch-clamped with pipettes containing the long-wavelength fluorescent dye Alexa 594 (100 M) to allow visualization of the fine terminal branches with minimal inadvertent photolysis of the caged glutamate (␥-CNB-glutamate or N-Nmoc-glutamate) (22) or caged NMDA (␤-CNB-NMDA). The light from the visible laser is used to "paint" the target site of photolysis without inducing photolysis or phototoxicity. The amount of free glutamate photoreleased was controlled by varying the UV laser pulse duration. Terminal dendritic segments arising either from the distal apical tuft or oblique branches were studied. 14. Hippocampal slice cultures were prepared from 5-to 7-day-old rat pups (15) . After Ͼ14 days in vitro, whole-cell recordings were made from CA1 pyramidal cells using pipettes containing 135 mM KCH 3 SO 3 , 10 mM Hepes, 10 mM NaCl, 1 mM MgCl 2 , 0.1 mM K 4 BAPTA, 2 mM Mg 2ϩ -ATP, and 10 mM phosphocreatine, buffered to pH 7.3 with KOH. Inclusion of 10 mM K 4 BAPTA was compensated by reduction of KCH 3 SO 3 to 100 mM. T TX (1 M) was used in most experiments. Exceptions include results describe in Fig. 1, B 
